C erebral autoregulation (CA) describes the ability of the brain to maintain stable blood flow despite changes in perfusion pressure, thereby protecting cerebral tissue from hypoperfusion and hyperperfusion. Impaired CA is a key mechanism of cerebral hemodynamic compromise after acute brain injury (ABI) 1,2 and a contributor to poor outcome. 3 It has been suggested that continuous monitoring of CA might help prognosticate and guide arterial blood pressure (ABP) and cerebral perfusion pressure targets to "optimal" levels, thereby minimizing secondary brain injury. 4 Near-infrared spectroscopy (NIRS), a noninvasive optical technique, is emerging as a potential solution, because unlike other modalities that are invasive or intermittent, it can be delivered in all patient groups. Clinical NIRS devices that incorporate CA analysis are on the horizon, 5 despite remaining questions regarding NIRS sensitivity to intracerebral physiology.
activity observed in intracranial pressure (ICP), 3, 7 transcranial Doppler (TCD) flow velocity in the middle cerebral artery, 8 brain tissue Po 2 , 9 and NIRS variables, [10] [11] [12] [13] have been described as surrogate measures of CA.
The pressure reactivity index (PRx) derived from correlation between ABP and ICP 3 has been extensively investigated. When cerebrovascular reactivity is impaired, CBV and ICP increase and decrease passively with ABP. Thus, a negative value for PRx, when ICP is inversely correlated with ABP, indicates normal reactivity, and a positive value indicates a nonreactive cerebrovascular circulation. The mean velocity index (Mx) is similarly derived from ABPand TCD-measured flow velocity. 8 Impaired cerebrovascular reactivity is confirmed if these indices tend toward a positive value, usually 0.3-1.0, and "optimal" reactivity might be achieved by therapy or ABP levels that minimize the index value.
Light in the near-infrared spectrum penetrates through superficial cerebral tissues and is used by NIRS to measure oxyhemoglobin, deoxyhemoglobin, and total hemoglobin (HbT = oxyhemoglobin + deoxyhemoglobin) concentrations through their different absorption spectra. 14 Regional cerebral tissue hemoglobin oxygen saturation (rSo 2 ), designated the tissue oxygenation index by the Hamamatsu NIRO™ devices (Hamamatsu Photonics, Hamamatsu City, Japan), is calculated and displayed (rSo 2 = oxyhemoglobin/ HbT). NIRS slow-wave activity is apparent in HbT and rSo 2 , and these have been recently investigated as noninvasive measures of cerebrovascular reactivity in an analogous fashion to PRx and Mx. Crucially this translation of technique assumes that slow waves of CBV will be identified in HbT and ICP and cerebral blood flow waves in rSo 2 (assuming stable oxygen extraction). Thus, the total hemoglobin reactivity index (THx) is derived from HbT and ABP and tissue oxygen reactivity index (TOx) from rSo 2 and ABP. 10, 11 Limited agreement between THx and PRx (volume-based measures), TOx and Mx (flow-based measures), 11, 12 and their reported "optimal" values brings into question the clinical relevance of these indices. This argument can be reduced to analysis of the cerebral slow waves alone, because this determines the agreement between indices. Although this is examined in several validation studies, their analysis has used a variety of Fourier techniques, without significance testing, and may not give an accurate picture of dynamic slow-wave activity. Thus, there is a strong rationale to revisit the founding concepts of this technique before moving forward with further clinical studies. This may suggest further modifications required to optimize the technique.
We hypothesize that the relationship between slow waves in NIRS, ICP, and TCD is complex and dynamic and thus may have been overstaged or understated using Fourierbased techniques. The aim of this study is to investigate comprehensively the relationship between slow waves in NIRS, ICP, and TCD after ABI under ideal circumstances and the resultant manifestation in reactivity index calculation.
METHODS
This study was approved by the Research Ethics Committee of the National Hospital for Neurology and Neurosurgery and the Institute of Neurology. Because all patients were unconscious at the time of the study, written consent was obtained from a personal representative. Clinically stable, ventilated, sedated patients with traumatic and nontraumatic brain injury and intraparenchymal ICP monitoring as part of routine clinical care were eligible for inclusion in this study. All patients were managed using standardized protocol-based therapy specific to their brain injury type. 15, 16 Monitoring Multimodal monitoring was instituted including intraparenchymal ICP monitoring (Codman Microsensor, Johnson & Johnson, Raynham, MA) performed using a sensor placed through a frontal burr hole and cranial access device or at the time of surgery and TCD insonation of the middle cerebral artery performed with a 2-MHz probe (Doppler-Box, DWL, Singen, Germany) over the temporal window, ipsilateral to the ICP monitor. The Doppler probe was fixed in a stable position using a commercial fixation device (LAM-RAK, DWL, Singen, Germany).
NIRS data were collected with a NIRO 100 spectrometer (Hamamatsu Photonics) using a 4-cm source-detector separation centered in the midpupillary line ipsilateral to TCD and ICP monitoring. Spatially resolved spectroscopy (SRS) was used to measure scaled absolute concentrations of HbT (termed total hemoglobin index [THI]) and rSo 2 . The use of two detectors in SRS allows measurement of light attenuation as a function of source-detector separation, and by combining these measures with an estimation of the wavelength dependency of light scattering, it is possible to derive scaled absolute hemoglobin concentrations, and therefore THI and rSo 2 . Al-Rawi et al. 17 examined SRS rSo 2 during internal and external carotid cross-clamping describing a 87.5% sensitivity to intracerebral and 0% sensitivity to extracerebral changes. Therefore, SRS-derived rSo 2 suffers from less (but not 0) extracerebral contamination compared with traditional NIRS-measured variables (such as concentration changes in oxyhemoglobin and deoxyhemoglobin) that are based on a single source-detector pair. It is for this reason that SRS-derived variables have been previously chosen to derive THx and TOx. ABP was measured invasively using a 20-G radial cannula and a transducer placed at the level of the tragus.
Data Capture
Data were gathered during a period of clinical stability to allow collection of 60 minutes of undisturbed recording. Patents were deeply sedated, ventilated, positioned with 30° head-up tilt, and did not undergo nursing intervention during the 60-minute study period. Physiological data were captured at 125 Hz using TrendFace data capture software (ixellence Gmbh, Wildau, Germany) onto a PC, and NIRS data were downloaded simultaneously in a raw format through a PC serial connection at 18 Hz. Signals were synchronized and resampled to 0.5 Hz through cubic spline interpolation. Brief transient artifacts such as arterial line flushes were removed by interpolation.
Index Analyses
PRx, Mx, and NIRS indices (THx and TOx) were derived as described previously using a moving Pearson correlation coefficient of 10-second time-averaged data points over www.anesthesia-analgesia.org aNesthesia & aNalgesia a 5-minute window. 3 The autoregulation indices are typically determined from the average across at least a 30-to 60-minute monitoring period. Thus, the mean for the entire monitoring period for each patient was used for comparison. Variables were summarized using median ± interquartile range or mean ± standard deviation as appropriate. SPSS 19 (IBM, New York, NY) was used to compare PRx, Mx, and TOx using Pearson correlation after testing for normality with the Shapiro-Wilk test (all P > 0.06). In view of an outlier, Spearman correlation was used in the THx comparisons. The differences between indices and residual from linear regression were normally distributed (Shapiro-Wilk test, P > 0.11).
Agreement between measures was assessed using Bland-Altman analysis between the mean autoregulation index for each patient. There is a wide variation in the reported Pearson correlation for autoregulation indices, from 0.8 for TOx and Mx 10 to 0.50-0.54 for THx. 11 Inclusion of 27 patients has 80% power (α = 0.05) based on the most conservative estimates from these previously published data.
Slow-Wave Analysis
Slow-wave analysis was conducted to compare similarity between NIRS slow waves of rSo 2 and THI with TCD and ICP, because this represents the validation for using these NIRS variables to monitor autoregulation 18 and also to compare slow waves in rSo 2 , THI, TCD, and ICP with ABP to assess agreement in both time and frequency content. Because these signals are highly dynamic, varying in both time and frequency, the preconditions for Fourier-based techniques are violated, and therefore, we applied wavelet-based methods to compare signal content. This advanced signal-processing technique offers excellent time-frequency resolution and is increasingly applied in this context. [19] [20] [21] [22] A detailed discussion of this methodology can be found in the Appendix, Supplemental Digital Content, http://links.lww.com/AA/B144. In brief, we used the continuous wavelet transform with the complex Morlet wavelet (MathWorks, Natick, MA) described by Grinsted et al. 23 and Torrence et al. 24 These techniques were applied to 0.5-Hz data and examined the spectrum surrounding in the calculation of PRx and Mx (i.e., between 0.05 and 0.003 Hz). Wavelet coherence, a measure of similarity between signals, was used to compare slow-wave activity in THI, rSo 2 , ICP, and TCD with significance levels being calculated using Monte-Carlo modeling as described previously. 24 An alternative approach examining phase differences (semblance) was also used to compare ABP and neuromonitoring variables. In brief, wavelet semblance is the cosine of the instantaneous phase difference and varies toward unity when signals are closely aligned in phase and toward −1 when antiphase. 25 This bears close similarity to the identical changes in PRx and Mx, which vary between 0 and −1, with intact autoregulation, and between 0 and +1, with progressively disturbed autoregulation, and is equivalent to similar wavelet phase-based approaches compared previously with PRx. 26 
RESULTS
Patient characteristics are shown in Table 1 . Continuous 60-minute recordings from 27 patients were included in the analysis, but TCD monitoring was absent in 7 because of signal loss before study completion at 60 minutes or absent bone window. Figure 1 demonstrates significant correlation between PRx and THx (r s = 0.63, P < 0.001), PRx and TOx (r = 0.40, P = 0.04), Mx and TOx (r = 0.61, P = 0.004), but not between Mx and THx (r s = 0.26, P = 0.28). However, Bland-Altman analysis demonstrated wide limits of agreement between these variables; the bias (95% limits) for the PRx and THx comparison was −0.06 (−0.44 to 0.32), for the PRx and TOx was −0.03 (−0.57 to 0.51), for the Mx and THx was +0.16 (−0.38 to 0.69), and for the Mx and TOx was +0.15 (−0.34 to 0.64). Figure 2 shows the group mean level of coherence between ICP and THI, and between TCD and rSo 2 , across the range of frequencies selected for analysis for the entire group. The coherence is significant for all frequencies >0.008 Hz (which is equivalent to a period of <125 seconds). All wavelet analyses from all individual patients are available in the supplementary results, Supplemental Digital Content, http://links.lww.com/AA/B144. However, the strength of this analysis technique is its ability to investigate in more detail data from individual patients. Figure 3 shows the data from a selected individual demonstrating intact reactivity (mean Mx = −0.59, mean PRx = −0.02, mean THx = 0.05, mean TOx = −0.02). Pronounced slow-wave activity can be seen in THI and ICP time course traces, which are not passively entrained by ABP fluctuations (Fig. 3A) . In this example, there is a strong coherence between THI and ICP within the wavelet coherence plot (Fig. 3B) . Figure 3C shows the wavelet semblance between ABP/ICP and ABP/THI across time and frequency, indicating zones where these neuromonitoring variables move in an opposite direction from ABP, suggesting pressure reactive responses. Even in this patient, who is demonstrating high levels of coherence between ICP-and NIRS-measured signals, there still exists a significant degree of variability in coherence and semblance with time and frequency, as evidenced by the nonuniform patterns seen in Figure 3 , B-D, indicating varying agreement and phase relationships between ICP and THI with ABP. Values are presented as median (range), mean (standard deviation), or counts (percentage). ICH = intracerebral hemorrhage; Mx = mean velocity index; PRx = pressure reactivity index; SAH = subarachnoid hemorrhage; TBI = traumatic brain injury; THx = total hemoglobin reactivity index; TOx = tissue oxygen reactivity index.
In contrast, Figure 4 demonstrates an example of impaired reactivity (Mx = 0.81, PRx = 0.59, THx = 0.40, TOx = 0.35). In this example, there is a strong coherence between rSo 2 and TCD in low frequencies, indicated by the areas of grey in Figure 4B , but this does not hold true at higher frequencies. Pressure passive oscillations of TCD and rSo 2 are evident in Figure 4 , C and D reflected by wavelet semblance that tends toward 1 (red) in the lower frequencies, indicating minimal phase difference. Again these relationships still show dynamic variation, most evident in the discrepancies between different semblance measures. ABP/TCD are much more closely related than ABP/rSo 2 in this situation of impaired reactivity and can be clearly seen by the more uniformly red appearance of ABP/TCD semblance across a broader spectrum of frequencies.
Thus, although mean coherence of all recordings was significant, it was not marked because there was a dynamic variation in the relationship between individual recordings 
DISCUSSION
We have demonstrated that although measurement of NIRS reactivity indices is feasible based on the significant agreement between slow waves of NIRS, ICP, and TCD within a portion of the slow-wave spectrum, this relationship is dynamic, inexact, and manifests as incomplete agreement among TOx, THx, PRx, and Mx. However, the relationship is statistically significant and similar to other reports [10] [11] [12] 27 under these ideal experimental conditions, but not clearly identifying either THx or TOx as a superior NIRS index.
Although our length of recording is insufficient to predict "optimal" cerebral perfusion pressure values, the level of agreement probably explains others' inaccuracies Figure 2 . The mean coherence between intracranial pressure (ICP)/ total hemoglobin index (THI) and transcranial Doppler (TCD)/regional cerebral tissue hemoglobin oxygen saturation (rSo 2 ), a measure of similarity of the oscillations between these modalities. Therefore, this relationship forms the foundations for applying a pressure reactivity index (PRx) style analysis using near-infrared spectroscopy.
A particular spectral feature is seen in each of the comparisons with increased coherence <0.1 Hz. However, the mean coherence is not strong. The significance threshold has been calculated from Monte Carlo modeling, shown as a dashed line. Below a frequency of 0.008 Hz, coherence in both comparisons is nonsignificant. The frequency across the x-axis is nonlinear because it reflects the nonlinear frequency scales of wavelets.
www.anesthesia-analgesia.org aNesthesia & aNalgesia demonstrating this. 11, 27 Longer recordings are possible and have been performed by others, but we instead focused on maintaining the highest fidelity of recording. Even in this situation, it was not possible to ensure a reliable 60-minute TCD recording in all patients, and this highlights the challenges of using this modality for this application. Unlike other studies, we have included a mixture of key conditions (traumatic brain injury, subarachnoid hemorrhage, and intracerebral hemorrhage) in which these autoregulation indices have been used previously. [28] [29] [30] Impaired autoregulation is a component of physiology in all these situations, and measures of this process should be applicable across a broad range of diagnoses to be clinically relevant. Although we collected data from only 27 patients, our primary objective was to gather data from many patients with severely impaired CA, which we have achieved. In this study, 12 patients had Mx and/or PRx >0.3. This seems to compare favorably with other investigations in ABI in which similar analyses have been performed (Zweifel et al., 12 2 of 27; mean Mx > 0.3 and Zweifel et al., 11 7 of 120 recordings, PRx > 0.3).
Our primary motivation to perform analysis of this complexity was to gain convincing evidence that slow waves in NIRS predominantly reflect the intracerebral physiology of interest rather than the limitations of the signal processing used in standard techniques. Because cerebral slow-wave activity is nonstationary and dynamic, it is a challenge for signal-processing techniques. 31, 32 We have applied wavelet techniques, suitable to this situation with measures of statistical significance, to define this. Previous evaluations have used a combination of Fourier techniques with windows Figure 3 . Data set suggesting intact reactivity (mean velocity index, −0.59; pressure reactivity index, −0.02; total hemoglobin reactivity index, 0.05; tissue oxygen reactivity index, −0.02). Pronounced slow-wave activity can be seen in total hemoglobin index (THI) and intracranial pressure (ICP) traces, which are not passively entrained by arterial blood pressure (ABP) fluctuations. The wavelet plots describe this situation in more detail with time reflected on the x-axis and frequency on the y-axis. Wavelet semblance between both ABP/ICP and ABP/THI shows large blue areas (semblance, −1) across time and frequency indicating zones where these neuromonitoring variables move in an opposite direction from ABP , suggesting pressure-reactive responses. In this example, there is a strong coherence between THI and ICP demonstrated by the large gray areas (coherence, 1) within the wavelet coherence plot. Despite this similarity, there remains a significant degree of variability with time and frequency in coherence and semblance, indicating varying agreement and phase relationships between ICP and THI with ABP .
approaching the length of low-frequency oscillations. 10, 11, 33 Short windowing risks overestimating coherence in the low frequencies, whereas long windows will underestimate because of nonstationarity. This is a limitation of this type of technique. Zweifel et al. 11 approach this problem by reporting the average from the maximum coherence in each window (across all slow-wave frequencies), which again risks overstating the coherence. Importantly, we have computed significance thresholds, so despite reporting a group average coherence, we can define its significance as well as observe the behavior of individual data sets in the wavelet plots (see Supplemental Digital Content, http://links.lww. com/AA/B144).
Other more recent studies have taken the commendable and necessary step of comparing TOx with clinical outcomes (e.g., delayed cerebral ischemia in subarachnoid hemorrhage). 13 Despite previously reported limited agreement between TOx and other autoregulatory indices, 27 TOx has been independently associated with delayed cerebral ischemia by clinical criteria. This is promising and may suggest that cortical physiology measured by NIRS is relevant but different from other modalities because of its anatomical location. However, in the absence of other corroborating evidence, there are other possible explanations for the optical data. For example, cerebral oligaemia 34 associated with ischemia or blood load in cerebrospinal fluid 35 may cause the scalp signal to predominate, which will be strongly associated with ABP changes. These questions could be addressed by combining advanced optics with multimodal monitoring and imaging. Approaches integrating information from time-resolved spectroscopy, imaging, and multimodal neuromonitoring by optical and physiological modeling Figure 4 . An example of impaired reactivity (mean velocity index, 0.81; pressure reactivity index, 0.59; total hemoglobin reactivity index , 0.40; tissue oxygen reactivity index, 0.35). Pressure passive oscillations of transcranial Doppler (TCD) and regional cerebral oxygen saturation (rSo 2 ) are evident and are reflected in wavelet semblance that tends toward 1 (red) in the lower frequencies indicating minimal phase difference. Coherent slow-wave oscillations are present between TCD and intracranial pressure-evident from the persistent areas of high coherence in the low-frequency zone of the wavelet coherence plot. Again these relationships do still show dynamic variation-most evident in the discrepancies between different semblance measures-arterial blood pressure (ABP)/TCD are much more closely related than ABP/rSo 2 in this situation of impaired reactivity and can be clearly seen by the more uniformly red appearance of ABP/TCD semblance.
www.anesthesia-analgesia.org aNesthesia & aNalgesia are feasible and may hold the key to predicting how cortical physiology manifests in NIRS optics. 36 NIRS reflects considerable physiological complexity, and model-based physiological interpretation 37, 38 of NIRS might therefore usefully be used to address influence of other confounding factors such as carbon dioxide tension, 39 oxygenation, 40 and cerebral metabolic rate. 41 Such factors affect cerebral physiology over different time scales and lead to a complex pattern of slow waves in cerebral hemodynamics, metabolism, and oxygenation. 19 A more complete interpretation of these signals requires incorporation of the key physiological processes with high fidelity. Because these are lacking in standard autoregulation indices, several different circumstances that influence both blood pressure and cerebral blood flow may masquerade as impaired CA when it is in fact normal. Important confounding situations may include changes in cerebral metabolic rate, carbon dioxide, seizures, and coughing. Although some elements of physiology such as CBF may be quantified by "gold standard" measurement techniques and could be used to validate autoregulation indices, such an approach neglects the full depth of the changing physiology. A useful concession might be to combine multiple imperfect techniques (such as NIRS) with advanced analysis strategies to elucidate the underlying physiological state. 42 Simpler approaches would be highly desirable in the clinical environment but should be ideally informed by physiology rather than postprocessing of signals. Our wavelet coherence results suggest that the frequency spectrum 0.1-0.02 Hz might reflect more reliable cortical information, and thus, restricting the index calculation window from 300 to 100 seconds might increase reliability. Attempts to optimize present reactivity indices by selecting highpower NIRS oscillations 43 could also be performed through wavelet coherence or power.
In conclusion, we have demonstrated significant agreement among PRx-, Mx-, and NIRS-derived indices of CA (THx and TOx) in patients with ABI. However, the strength of the interrelationship between ICP or TCD and NIRS signals (THI or rSo 2 ) limits the degree of agreement between these reactivity indices. Neither THI nor rSo 2 is clearly superior, and future studies may benefit from multimodal monitoring of CA combining analysis of THx and TOx. The clinical application of autoregulation indices requires the identification of robust markers and appropriate analysis techniques that consider the dynamic properties of the measured signals and the contribution of confounding features. NIRS is able to provide a clinically accessible, continuous, and noninvasive measure of cerebral hemodynamics and therefore has considerable potential as a noninvasive monitor of CA. However, a greater understanding of the origin of the NIRS signals and their dynamic properties is required before it could be used to inform autoregulation-directed therapy after ABI.
